Aims The study was designed to test the influence of the temporal resolution, at which tissue Doppler imaging (TDI) and speckle tracking imaging (STI) operate, on the accurate assessment of left ventricular (LV) untwist rate (UR). Methods and results Echo imaging and invasive LV pressure measurements were performed during right atrial (RA) pacing and dobutamine challenge in eight pigs. LV torsion and torsional rate profiles were analysed from grey scale and tissue Doppler data (apical and basal short axis) at frame rates of 82 + 17 and 183 + 14 Hz, respectively. Temporal subsampling of TDI data sets was performed at 82 + 6 Hz in order to mimic the mean temporal resolution of STI and the LV torsional curves were again extracted. At rest, LV UR values were comparable for both imaging techniques. However, during dobutamine stimulation, TDI estimated peak UR was predominantly higher than UR measured by STI (2112.1 + 64.58/s vs. 275.5 + 31.48/s, P , 0.05). The similarity of LV UR measurements with respect to the STI/TDI data was examined by a Bland-Altman analysis. Conclusion Although both methods regarding LV UR correlated well, these methods cannot be interchanged. STI showed a bias to underestimate UR at high values.
Introduction
The importance of left ventricular (LV) torsion as a sensitive indicator of cardiac performance has been previously demonstrated. [1] [2] [3] In systole, the LV apex rotates counterclockwise (as viewed from the apex), whereas the base rotates clockwise, creating a torsional displacement originating from the dynamic interaction of oppositely directed epicardial and endocardial myocardial fibres. This wringing motion has been quantified using different methods such as radiographic tracking of myocardial markers, [4] [5] [6] [7] optical devices, 8, 9 two-dimensional echocardiography, 10, 11 and magnetic resonance imaging. [12] [13] [14] The scientific interest towards LV untwist rate (UR) as a relatively load-independent index of diastolic function has grown over the past years.
14 Since LV UR occurs mainly during the brief event of isovolumic relaxation (and is therefore difficult to measure), new promising echocardiographic tools have been recently introduced. Tissue Doppler imaging (TDI), which has been shown to accurately reflect myocardial velocity with better temporal resolution than MRI, has been proposed and validated as a novel non-invasive method for quantifying LV UR in humans. 15, 16 Alternatively, speckle tracking imaging (STI) technique based on the appearance of speckles within the tissue on two-dimensional ultrasound imaging was presented. Measurement of speckle motion, closely linked to tissue motion when small displacements are involved, has been used for estimation of angular displacement around the central axis of the LV. 17, 18 However, this technique typically works on lower temporal resolution data and might not properly resolve peak LV UR. This study was therefore established to investigate this in a closed-chest animal model over a range of LV UR values by positive chronotropic and inotropic stimulation.
Methods

Animal preparation
This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by a local ethical committee (Ethische Commissie Dierproeven, K.U.Leuven, Leuven, Belgium).
In eight pigs of either sex (weight 33 + 2 kg, Animalium K.U.Leuven, Leuven, Belgium), intramuscular premedication was performed with zolazepam (4 mg/kg) (Zoletil100, Virbac Animal Health, Carros, France) and xylazine (2.5 mg/kg) (Vexylan, CEVA Sante Animale, Brussels, Belgium); anaesthesia was induced with intravenous injection of propofol (3 mg/kg) (Diprivan, AstraZeneca, Brussels, Belgium). After endotracheal intubation, anaesthesia was maintained with a continuous intravenous infusion of propofol (10 mg/kg/h) and remifentanil (0.3 mg/mg/h) (Ultiva, GSK, Genval, Belgium). Mechanical ventilation with a mixture of air and oxygen (1:1) at a tidal volume of 8-10 ml/kg was adjusted to maintain normoxia and normocapnia, as controlled with arterial blood gas values, measured at regular time intervals during the study. A continuous three-lead electrocardiogram monitored heart rate (HR) and rhythm. A 7 F high-fidelity pressure catheter (Millar Instruments Inc., Houston, TX, USA), calibrated relative to atmospheric pressure before introduction, was advanced into the LV via the left carotid artery. A Swan-Ganz catheter was positioned into the pulmonary artery via the left jugular vein. Under fluoroscopic guidance, a pacing catheter connected to an external stimulator (Medtronic w 5530, MN, USA) was inserted via the femoral vein into the right heart for atrial pacing. An additional catheter was inserted into the femoral artery and connected to a pressure transducer to monitor arterial blood pressure. LV pressure and pulmonary artery pressure were digitized with a 1 kHz sampling frequency, and recordings were taken at end-expiration. At the end of the experiment, the animal was sacrificed using intravenous KCl during deep anaesthesia.
Experimental protocol
To obtain variation in peak LV UR values and haemodynamics, the protocol was designed in the following order: (i) right atrial (RA) pacing in order to simulate normal ventricular conduction, at the rate of 90 bpm and (ii) dobutamine challenge (10-20 mg/kg/min), titrated to obtain similar HRs as RA pacing to a steady state for at least 4 min. After stabilization of each condition, haemodynamic and echocardiographic data were subsequently acquired.
Haemodynamic measurements and analysis LV pressure, the peak time derivatives (dP/dt), pulmonary artery pressure, and mean pulmonary capillary wedge pressure (PCWP) were simultaneously recorded for at least 30 s in both stages. The wedge position was verified by changes in waveform of the pulmonary arterial pressure trace. The time constant of LV pressure decay during the isovolumic relaxation period (t) was calculated from the point of the minimal instantaneous rate of change of LV pressure with respect to time (dP/dt min ) until its upturn and fitting the curve to the following equation: P(t) = P 0 e 2t/t , where P is pressure, P 0 the pressure at dP/dt min , and t the time. 19 PCWP was measured at end-expiration and averaged over 3-5 beats.
Terminology and calculation of left ventricular twist, twist velocities, and torsion LV rotation and rotational velocity were defined as the angular displacement and the velocity of displacement of the LV around its central axis in the short-axis image. They are expressed in units of degrees (8) and degrees per second (8/s), respectively. 'LV twist' and 'LV twist velocity' were defined as the net difference of 'LV rotation' and 'LV rotational velocity' (LVrot-v) between apical and basal short-axis planes obtained from either STI or TDI. Counterclockwise LV rotation as seen from the apex was expressed as a positive value. 'LV torsion' referred to the net rotation (twist) normalized for the distance between the two cross-sections and is then expressed in degrees per metre (8/m). 20 Peak twist/UR were defined as the peak twist velocities during systole and early diastole, respectively.
Echocardiography
Pigs were scanned in the supine position. Basal and apical short-axis views and a long-axis plane were acquired using B-mode (82 + 17 frames/s) and TDI mode (183 + 14 frames/s) with a Vivid 7 ultrasound machine (GE Vingmed Ultrasound, Horten, Norway) with a M3S probe. The presence of the following anatomic landmarks throughout the cardiac cycle was used for the accurate recognition of short-axis levels: at basal level, the mitral valve with symmetric coaptation of the leaflets and at the apical level, LV cavity alone with no visible papillary muscles. 15 LV length was measured from the mid-point of the mitral annulus to the apex in the LV long-axis view. The velocity range for TDI was set at 20 cm/s to prevent aliasing. Subsequent off-line analysis of STI and TDI data sets was performed on an EchoPAC workstation (GE Vingmed Ultrasound, version 7.0.1) and dedicated software SPEQLE (Software Package for Echocardiographic Quantification Leuven), respectively. 21 Left ventricular twist, twist velocities, and torsion by speckle tracking imaging Measurements of LV twist and LV twist/UR by STI were accomplished on selected best-quality two-dimensional images. The endocardium was traced in an optimal frame, from which a speckle tracking region of interest was automatically selected. The region of interest width was adjusted as needed to fit the wall thickness from endocardium to epicardium. The computer automatically selected suitable stable objects for tracking and then searched for them in the next frame using the sum of absolute differences algorithm. 22, 23 Averaged LV rotation and rotational velocity data of both apical and basal short-axis views were used for the estimation of LV twist/torsion and its temporal derivative ( Figure 1 ). LV peak Figure 1 Left ventricular rotation at basal (A) and apical (B) levels during the cardiac cycle by speckle tracking imaging. torsion was then manually calculated as described further in the text.
Left ventricular twist, twist velocities, and torsion by tissue Doppler imaging
Estimation of LV rotational velocities based on tissue Doppler velocity data sets has been recently validated. 15 Briefly, LVrot-v estimation is based on four tissue velocity curves derived from septal and lateral regions to measure tangential velocity and anterior and posterior region for radial velocity measurement. LVrot-v(t) is estimated from averaged tangential velocity corrected with the radius r(t), as follows:
where r(t) is rðtÞ ¼ r 0þ
and V lat , V sept , V ant , and V post are myocardial velocities at lateral, septal, anterior, and posterior regions, respectively, and r 0 is the end-diastolic radius. The Doppler velocity traces of the four regions detected by TDI at the basal and apical levels were then transferred to MATLAB (The MathWorks, Inc., Natick, MA, USA) for averaging and calculation of LV twist, twist/UR, and torsion ( Figure 2) . The distance between basal and apical cross-sectional image planes was approximated at 75% of the LV length on long-axis view image. End-diastolic drift was compensated by assuming constant estimation error over the cardiac cycle. At least three consecutive cardiac cycles were averaged for these calculations.
Temporal subsampling of tissue Doppler imaging velocity data sets
To evaluate the importance of the different temporal resolutions on the accurate assessment of LV UR, subsampling of TDI velocity data sets was accomplished in order to simulate the mean temporal resolution of STI at 82 + 6 frames/s. Calculation of LV twist parameters was again performed as described above.
Statistical analysis
Values are expressed as mean + SD. The haemodynamic and echocardiographic measurements were compared with baseline by paired t-test. A value of P , 0.05 was considered statistically significant. Simple linear regressions were applied to assess the relationship between haemodynamic and two-dimensional/Doppler data measurements. The similarity of LV twist and its temporal derivative estimation with respect to the STI/TDI data was examined by a Bland-Altman analysis as well. 24 The bias was expressed as the mean difference between the two methods and the limits of agreement as 2 standard deviations (SDs) of the differences in the two methods. To determine whether the difference in values between the two methods was statistically significant, a paired t-test was performed. The statistical analysis was done using STATISTICA 7.1 (StatSoft, Inc., Tulsa, OK, USA) and MedCalc, version 9.6.4.
Results
Haemodynamics
A summary of the invasive haemodynamic measurements obtained at RA pacing and inotropic stimulation throughout the experiments is shown in Table 1 . Although an effort was made to keep the HR stable for all animals in both stages, a minimal but statistically significant difference was found (91 + 3 bpm at RA pacing vs. 100 + 8 bpm during dobutamine challenge, P , 0.05).
During stress, LVP max and dP/dt max increased significantly along with the tendency towards a decreased wedge pressure and a shorter t (accelerated LV pressure decay).
Left ventricular twist dynamics by speckle tracking imaging
The values of LV peak twist and twist/UR for both experimental conditions, assessed by STI, are shown in Table 2 .
Dobutamine challenge increased peak twist, peak twist rate (TR), and peak torsion significantly. A minimal, not statistically significant, increase in LV UR was noted during inotropic stimulation (from 262.5 + 14.68/s at baseline to 275.5 + 31.48/s, P = NS).
Simple linear regression models of peak LV UR showed a significant correlation with the time constant of LV pressure decay t (r = 20.71, P , 0.002; Figure 3A ).
Left ventricular twist dynamics by tissue Doppler imaging
The average effects of RA pacing and inotropic stimulation on LV twist/torsion and its time derivative, estimated by TDI, are summarized in Table 2 . Dobutamine infusion resulted in significantly higher peak twist values, as well as in a significant augmentation of TR, peak UR (from 251.1 + 19.38/s at baseline to 2112.1 + 64.58/s, P , 0.05), and peak torsion.
Simple linear regression models of peak LV UR showed a significant correlation with the time constant of LV pressure decay t (r = 20.79, P , 0.0001, respectively; Figure 3B ).
Comparison of twist parameters between speckle tracking imaging and tissue Doppler imaging
At rest conditions, peak twist and peak torsion, estimated with TDI, showed no significant difference from those measured by STI ( Table 2) . However, TDI-estimated LV peak twist/torsion was significantly higher than STI-derived values during stress (P , 0.05 for both parameters).
TDI estimated TR values appear to differ significantly from those estimated by STI, when compared for both rest and stress conditions (P , 0.05).
At rest, LV UR values were comparable for both imaging techniques. During stress, however, TDI estimated UR was predominantly higher than UR, measured by STI (2112.1 + 64.58/s vs. 275.5 + 31.48/s, P , 0.05).
Both methods with respect to LV UR correlated well ( Figure 4) . The Bland-Altman plot is shown in Figure 5 . At rest, the mean difference between both methodologies with respect to peak UR was 25.88/s and the limits of agreement (223.8; 12.2). At stress, however, a bias of 36.78/s was observed with limits of agreement (234.2; 107.5), which was fully driven by the high differences at high velocities. These results suggest that these methods cannot be interchanged and STI showed to give lower peak UR at stress. ; dP/dt min , minimum value of the first derivative of LV pressure; dP/dt max , maximum value of the first derivative of LV pressure; t, time constant of LV relaxation; ED basal diameter, basal diameter at enddiastole; ED apical diameter, apical diameter at end-diastole; AVC, aorta valve closure. All values are expressed as mean + SD. *P , 0.05. 
Subsampling of tissue Doppler imaging velocity data sets
Peak twist/torsion, estimated from the TDI subsampled data sets (TDI subs ), was comparable to TDI twist/torsion values, for both experimental stages ( Table 2) . At rest, TDI subs UR values were similar to STI-and TDIderived UR values. At dobutamine, however, TDI subs UR was predominantly lower than UR, assessed by TDI (P , 0.05), but similar to STI measured peak values ( Figure 6 ).
Discussion
The assessment of LV torsion has been an evolving theme during the past decade. [25] [26] [27] Moreover, LV UR, using different imaging approaches, has been recently proven to be a relatively load-independent index of LV diastolic function. 14 In this study, LV UR was studied in a closed-chest animal model, using both tissue Doppler and STI during RA pacing and positive inotropic stimulation in order to estimate the impact of the acquired temporal resolution on the measured peak values. Moreover, to consolidate the premise of frame rate dependency, subsampling of Doppler image data was achieved by reducing the temporal resolution to approximately the same frame rate of STI.
Comparison of torsion parameters between speckle tracking imaging and tissue Doppler imaging
Many of the recent efforts to estimate LV twist and its time derivative were based on different imaging modalities, including MRI, TDI, and STI. [15] [16] [17] Although a close correlation has been reported between those modalities regarding the LV twist assessment, they are clearly based on different concepts and operate at different temporal resolution.
In this study, comparable LV UR values were found at rest for both imaging techniques. During stress, however, significantly higher peak UR values were observed for TDI in comparison with STI. Furthermore, although both methods seemed to correlate well, the Bland-Altman statistics showed that these methods cannot be interchanged as STI showed a bias to underestimate UR at stress. These results suggest that STI, a technique typically working on lower temporal resolution data, might fail in the accurate detection of peak LV UR for high values. Moreover, results from the TDI subsampled velocity data sets strengthen the presumption of frame rate dependency since analogous peak UR values with similar variability were found when compared with those estimated by STI.
These findings may not be surprising. If one assumes that frame rate is much lower than the rate of change in peak UR values, the probability of detecting the real peak is low and, on average, the measurement will underestimate peak UR. As LV UR occurs mainly during the brief period of IVR, it implies that high temporal resolution is required to accurately reflect the measurement of peak UR. Nonetheless, high frame rate is gained at the cost of lateral resolution, and regarding STI, this will lead to reduced lateral definition of the speckles, resulting in poorer tracking. Although a narrow sector can overcome this problem to some extent, there is still a practical limit of the frame rate in grey scale imaging.
The frame rate sensitivity of peak LV UR might be the major impediment in the accurate detection of peak values, but it should be also noted that there are, however, other factors which may contribute to underestimation of high peak UR values by STI. First of all, temporal smoothing of the twist velocity curves-typically done using speckle tracking methodologies-eliminates random noise and, hence, reduces the effective frame rate along with a loss of temporal information. Second, there are some fundamental differences in the principles of both methodologies. Tissue Doppler measures accurately the instantaneous velocity of a point within the myocardium in each frame. The displacement of the point from one frame to another is then calculated as the product of the measured instantaneous velocity and the time between the acquisitions of the two successive frames. Speckle tracking, on the other hand, measures the displacement of a speckle within the tissue from one frame to the next. The mean velocity can subsequently be calculated as the measured displacement divided by the time between both acquisitions (Figure 7) . At constant velocities (no myocardial acceleration/deceleration), both methods will measure in theory the same values. However, ventricular wall motion accelerates and decelerates considerably during systole and diastole, which will result in intrinsic differences between the two methods. Therefore, the velocities measured by STI and TDI will theoretically get closer to one another for higher frame rates.
Finally, it should be noted as well that relatively high SDs for TDI-derived twist and torsion have been observed in the current study. However, in addition to physiological variance between animals, the high SDs are likely due to methodological variance of extrapolation of velocities by the Doppler method in order to estimate LV rotation. As such, the margin of error is intrinsically dependent on the set of samples taken of the true motion curve and the frame rate ( Figure 7 ).
Haemodynamic determinants of left ventricular untwist rate
LV filling results from the positive early diastolic transmitral pressure gradient. Therefore, it depends on both left atrial driving pressure and LV pressure drop during the isovolumic relaxation period. 28, 29 The rapid decline in LV pressure during this phase of the cardiac cycle is caused by active myocardial relaxation. LV untwist generates the suction force for LV filling. 30 Accordingly, LV UR may provide an additional non-invasive insight into LV diastolic function. In that regard, previous studies with cardiac MR in animals have shown that LV UR is relatively independent of left atrial pressure and can be used as a non-invasive index of LV relaxation.
14 Similar results were noted in human studies with tissue Doppler-based measurements of LV twist. 16 A recent study, based on speckle tracking echocardiography, reported a close relationship between LV UR and t in patients with heart failure and depressed ejection fraction (EF), but not in patients with normal EF. 31 In the current study, a significant correlation between LV UR, estimated by both TDI/STI, and t was observed, supporting the findings that LV UR is related to the rate of pressure fall during isovolumic relaxation and that its measurement might provide a more physiological and direct non-invasive quantification of relaxation than has been available.
Limitations
All haemodynamic and echocardiographic data were subsequently acquired whereas, ideally, all measurements should be simultaneous. This was not done in order to obtain image data with higher quality. However, care was taken to maintain constant haemodynamic conditions during acquisitions.
In this study, no reference technique was used in the assessment of LV twist and its time derivative. As tagged MRI examinations have revealed important physiological and pathophysiological findings for torsion as a relatively load-independent index of contractility and relaxation, it makes it an important non-invasive reference standard to study the cardiac biomechanics. 12, 14, 27, 32 However, both STI and TDI have been recently validated against MRI tissue tagging for the ability of accurate assessment of LV torsional deformation. 15, 17 Additionally, the precise timing of UR associated with ventricular untwisting and the response to exercise have not been elucidated by MRI studies, partially because of the limited frame rate of acquisition and restrictive accessibility. 33, 34 The STI analysis is inherently dependent on the twodimensional echo image quality. An effort was made to move the cross-sectional image plane as apically as possible and best image quality data were processed for off-line analysis. Results by STI were obtained using the highest frame rate that allows accurate tracking; retracing and repositioning the region of interest was done as needed.
Since all calculations, based on TDI, are derived from the measured velocities, it is essential to work with a data set which provides the true velocities of the myocardium. Reverberations, side lobes, and drop out all interfere with obtaining the true velocities and disturb the data used to calculate apical/basal rotation, twist parameters.
Despite the noise reduction of STI by increased smoothing, stationary reverberations are sometimes still tracked or interfere with the frame-by-frame tracking, resulting in drift or incorrect calculation of torsional parameters. In addition, a clear delineation of the endocardial border is also important for a reliable radial and transverse tracking.
Conclusions
In the present study, the frame rate dependency on the accurate assessment of LV peak UR, using TDI and STI, has been examined during RA pacing and inotropic stimulation. At rest, LV UR values were comparable for both imaging techniques. However, during dobutamine stimulation, TDI estimated peak UR was predominantly higher than UR, measured by STI. Although both imaging modalities seem to correlate well, these methods cannot be interchanged as STI showed a bias to underestimate peak UR at high values.
